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ABSTRACT
In this paper, we describe the International Pulsar Timing Array second data release,
which includes recent pulsar timing data obtained by three regional consortia: the Eu-
ropean Pulsar Timing Array, the North American Nanohertz Observatory for Gravi-
tational Waves, and the Parkes Pulsar Timing Array. We analyse and where possible
combine high-precision timing data for 65 millisecond pulsars which are regularly ob-
served by these groups. A basic noise analysis, including the processes which are both
correlated and uncorrelated in time, provides noise models and timing ephemerides
for the pulsars. We find that the timing precisions of pulsars are generally improved
compared to the previous data release, mainly due to the addition of new data in
the combination. The main purpose of this work is to create the most up-to-date
IPTA data release. These data are publicly available for searches for low-frequency
gravitational waves and other pulsar science.
Key words: gravitational waves – stars: neutron – pulsars
1 INTRODUCTION
Pulsar timing observations are sensitive to correlated signals
at low frequencies, from nHz to µHz, such as those caused by
gravitational waves (GWs) produced from inspiraling super-
massive black hole binaries (SMBHBs). Millisecond pulsars
(MSPs) have been identified as ideal tools for searching for
GWs due to their excellent rotational stability (see Detweiler
1979; Hellings & Downs 1983; Jenet et al. 2005). They
are old neutron stars that are spun up to spin periods of
.20 ms during an accretion phase (“recycling”: Alpar et al.
1982; Radhakrishnan & Srinivasan 1982). High-precision
timing measurements of many MSPs with sub-microsecond
precision—a Pulsar Timing Array (PTA)—collected over
long time spans offer a unique and powerful probe of low-
frequency GWs (Desvignes et al. 2016; Arzoumanian et al.
2015b; Reardon et al. 2016). The International Pulsar Tim-
ing Array1 (IPTA) seeks to further improve the sensitivity
of PTAs by combining the data from three individual PTAs,
namely the European Pulsar Timing Array (EPTA; Desvi-
gnes et al. 2016), the North American Nanohertz Obser-
vatory for Gravitational Waves (NANOGrav: Arzoumanian
et al. 2018a), and the Parkes Pulsar Timing Array (PPTA;
Reardon et al. 2016). The combination of all the data from
the individual PTAs under the auspices of the IPTA should
reduce the time to the detection of GWs: the GWs from
the cosmic merger history of SMBHBs should create a GW
1 http://ipta4gw.org
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background which may be detectable in the next five years
(Siemens et al. 2013; Rosado et al. 2015; Kelley et al. 2017;
Taylor et al. 2016), and GWs from individual SMBHBs in
the next ten years (Rosado et al. 2015; Mingarelli et al. 2017;
Kelley et al. 2018).
The first IPTA data release (IPTA dr1 – Verbiest et al.
2016) reported a combination of timing data of 49 MSPs
observed by individual PTAs. The data lengths of these pul-
sars ranged between 4.5 - 27 years, depending on when the
source was included in the timing campaign. The data re-
lease included the timing data from the EPTA until Febru-
ary 2013, NANOGrav until October 2009, and the PPTA
until October 2013. Recently, the EPTA (Desvignes et al.
2016), NANOGrav (Arzoumanian et al. 2015b), and the
PPTA (Reardon et al. 2016) reported new data releases.
Here we report the creation of the IPTA second data release
(IPTA dr2) and make it available for GW search experi-
ments and other related science. We note that the recently-
released NANOGrav 11-year data set (Arzoumanian et al.
2018a) and the new PPTA dr2 (Kerr et al. in preparation)
will be included in future IPTA data releases.
The timing data released by individual PTAs has been
used to search for GWs and place upper limits on their strain
amplitudes (see Yardley et al. 2010; Zhu et al. 2014; Arzou-
manian et al. 2014; Babak et al. 2016; Lentati et al. 2015;
Shannon et al. 2015; Arzoumanian et al. 2016, 2018a; Per-
era et al. 2018; Aggarwal et al. 2018). The IPTA dr1 has
also been used in GW search experiments and has placed
limits on the stochastic GW background (Verbiest et al.
2016). Furthermore, with a better sky-coverage, Goldstein
et al. (2018) addressed the importance of the IPTA data
set in localising resolvable GW sources and reported that
the results are superior to what is achieved by individual
PTAs. Mingarelli et al. (2018) showed how one can combine
IPTA dr1 with Gaia Collaboration et al. (2018) data to im-
prove binary pulsar distance estimates, which can in turn
be used to improve PTA sensitivity to individual SMBHB
systems (Corbin & Cornish 2010; Lee et al. 2011; Ellis 2013;
Taylor et al. 2014; Zhu et al. 2016) and eventually measure
their spin (Sesana & Vecchio 2010; Mingarelli et al. 2012).
Lentati et al. (2016) showed the importance of the IPTA dr1
by studying the noise processes of pulsars to improve their
timing stabilities. Therefore, a more up-to-date IPTA data
combination is crucial to improve the timing precision and
thus, the sensitivity of pulsars to GWs, leading towards a
detection in the near future. In addition to the search for
GWs, the IPTA data set has been used in other areas of
astrophysics. For example, Caballero et al. (2018) utilised
the IPTA dr1 to study the solar system and provided im-
proved PTA mass estimates for planetary systems, the first
PTA-based estimates of asteroid-belt object masses, such as
the dwarf planet Ceres, and provided generic mass limits
for unknown objects in orbits in the solar system, including
theoretical objects such as dark matter clumps.
Verbiest et al. (2016) described the pulsar timing, pro-
cedure for creating and combining IPTA data sets, and the
usage of the IPTA data comprehensively. The process of the
new data combination here in IPTA dr2 is broadly similar to
that of the IPTA dr1 and thus we only briefly overview the
combination procedure in this paper, and refer the reader
to Verbiest et al. (2016) for additional details. The paper is
organised as follows: we first describe the constituent PTA
data sets used in this combination in § 2. The data com-
bination procedure is briefly described in § 3 and the final
data products are presented in § 4. We discuss our results
and compare with the results of IPTA dr1 in § 5. Finally in
§ 6, we discuss the future projects that will be carried out
using this new IPTA data release.
2 DATA SETS
To produce the IPTA dr2, we combined published data from
recent individual PTA data releases, along with a selection
of additional data sets that were either used in the IPTA
dr1 or published in other studies. Detailed descriptions of
each of these data sets are given below.
EPTA data set: We include the most recent EPTA data
release 1.0 (Desvignes et al. 2016) in the IPTA dr2. This
data set includes high-precision timing observations from 42
MSPs obtained with the Effelsberg Radio Telescope (EFF)
in Germany, the Lovell Radio Telescope at the Jodrell Bank
Observatory (JBO) in the UK, the Nanc¸ay Radio Telescope
(NRT) in France, and the Westerbork Synthesis Radio Tele-
scope (WSRT) in the Netherlands. The data set spans tim-
ing baselines of 7 to 18 years, covering from October 1996
to January 2015. In addition, we note that the data set of
PSR J1939+2134 includes very early NRT observations that
started in March 1990. Each observation is averaged both
in time and frequency, across the bandwidth, and provides
a single time-of-arrival (ToA). Observation information is
given in Table 1 and additional details can be found in Desvi-
gnes et al. (2016).
NANOGrav data set: We include the NANOGrav 9
year data set (Arzoumanian et al. 2015b) in this data
combination. This includes high-precision timing observa-
tions obtained from 37 MSPs, with timing baselines be-
tween 0.6–9.2 years from July 2004 to March 2013. We
also include the long-term NANOGrav timing data of PSR
J1713+0747 reported in Zhu et al. (2015), and the data of
PSRs J1857+0943 and J1939+2134 from November 1984
through December 1992 reported in Kaspi et al. (1994).
All of these observations were obtained using the Robert
C. Byrd Green Bank Telescope (GBT) and the Arecibo Ob-
servatory (AO) in the USA. We note that the ToAs in the
NANOGrav 9 year data set are obtained by first averag-
ing the observations in time as given in Arzoumanian et al.
(2015b), and in frequency such that the data maintain a fre-
quency resolution (i.e. sub-band information) ranging from
1.5 to 12.5 MHz depending on the combination of receiver
and backend2. Each frequency channel yields a single ToA.
The observations in Zhu et al. (2015) are partially averaged
in time and frequency, resulting in multiple ToAs for a given
observation epoch. The observations in Kaspi et al. (1994)
are fully averaged in time and frequency, leading to one ToA
for each receiver and data acquisition system at each epoch.
PPTA data set: We include the PPTA first data re-
lease (Manchester et al. 2013) and its extended version
2 The frequency channel bandwidths in the NANOGrav 9-
year data set are: ASP/GASP: 4 MHz at all frequencies;
PUPPI/GUPPI: 1.6 MHz at below 500 MHz; 3.1 MHz between
500 and 1000 MHz; and 12.5 MHz above 1000 MHz.
MNRAS 000, 000–000 (0000)
IPTA Second data release 3
Figure 1. The Galactic distribution of 65 pulsars in the data
release, including 49 pulsars from the IPTA dr1 (red dots) and 16
new pulsars (blue dots) that were not presented in the IPTA dr1.
Galactic latitude is on the vertical axis in degrees, and Galactic
longitude is on the horizontal axis in degrees, increasing leftward
with the Galactic centre at the origin. Note that many new pulsars
included in this data release fill some gaps in the IPTA dr1 pulsar
distribution.
(Reardon et al. 2016) in this IPTA data combination. This
PPTA data set includes high-precision timing observations
obtained from 20 MSPs with an observation time base-
line of approximately six years. Additional “legacy” L-
band (i.e. 1400 MHz) observations acquired between 1994
and 2005, for which the raw data are no longer avail-
able, are also included in the combination. Finally, we in-
clude more recent PPTA observations reported in Shan-
non et al. (2015) for the high-precision PSRs J0437−4715,
J1744−1134, J1713+0747, and J1909−3744. All the PPTA
observations are obtained using the Parkes Radio Telescope
in Australia and a range of receivers and pulsar timing back-
ends. Although the ToA coverage is nearly identical to the
data sets indicated above, the raw data from 2005 onwards
have been reprocessed using a pipeline developed for new
PPTA data releases (Kerr et al. in preparation). In general,
PPTA data is divided into four bands with wavelengths of
roughly 10, 20, 40, and 50 cm. An analytic template for the
pulse profile for each instrument and band is produced, and
the unknown phase offset between these templates is mea-
sured from the data as a free parameter in the timing model.
Instrumental offsets (“JUMPs”) were obtained using a mod-
ulated PIN diode as described in Manchester et al. (2013).
Similar to the EPTA data set, each observation of the PPTA
data set is averaged in time and frequency, resulting in a sin-
gle ToA for each radio receiver at each epoch.
Combining all the above mentioned data sets, the new
IPTA data release comprises 65 pulsars in total, adding 16
new pulsars compared to IPTA dr1. All of these new pul-
sars are observed and included by the NANOGrav timing
campaign. By comparing positions, it is evident that these
new pulsars improved the IPTA pulsar distribution in the
Galaxy, providing a better sky coverage compared to the
previous data release (see Figure 1). A summary of the data
sets used in this data release is given in Table 1 and the
basic parameters of these MSPs are given in Table 2. Fig-
ure 2 shows the frequency coverages and the time baselines
of these data sets in the data combination.
3 CREATING THE IPTA DR2 DATA SET
We combine ToA measurements from individual PTA data
releases into a single data set, and then perform the timing
analysis for each pulsar in that data set. In this work, we
always use ToAs as reported in the individual PTA data
sets, i.e., we have not re-processed raw observational data.
When possible, we include metadata (such as observation
time and bandwidth) either as reported in the individual
PTA data set or extracted from the original raw data files.
In some cases (e.g., early WSRT observations and the data
reported in Kaspi et al. 1994), it was not possible to recover
a full set of metadata.
The data combination procedure is detailed in Verbiest
et al. (2016), and we summarise it here. We use the pul-
sar timing software package tempo23 (Edwards et al. 2006;
Hobbs et al. 2006) to fit the timing model to the observed
ToAs and obtain timing residuals (i.e. the difference between
the observed and predicted ToAs) of the pulsar. We combine
the different data sets of a given pulsar by fitting for time
offsets (or ‘JUMPs’) in the timing model to account for any
systematic delays between them (see Verbiest et al. 2016).
We define the highest weighted data set (i.e. the sum of 1/σ2,
where σ is the ToA uncertainty) as the reference data set
(i.e. JUMP is equal to zero) in the timing model of the pul-
sar and then include separate JUMPs for each of other data
sets to constrain their time offsets with respect to the refer-
ence. We note that, as mentioned in § 2, the PPTA data set
contains several measured backend-dependent time offsets,
which we include as fixed JUMPs in the timing model.
A pulsar timing model generally consists of astrometric
parameters (right ascension RA, declination DEC, proper
motion in RA and DEC, timing parallax pi), rotational fre-
quency information (spin frequency f and its time deriva-
tives), and dispersion measure information (DM; this ac-
counts for the frequency-dependent time delay of the pulses
due to electrons in the interstellar medium along the line-of-
sight). With consistent adequate bandwidth and/or multiple
observing frequencies, the time dependence of DM can also
be included in the model. If the pulsar is in a binary system,
the Keplerian parameters (orbital period Pb, projected semi-
major axis x of the pulsar orbit, longitude of periastron ω0,
epoch of periastron passage T0, and eccentricity e of the or-
bit) are included to describe its binary motion. Some pulsars
also require theory-independent Post-Keplerian parameters
(orbital period derivative P˙b, periastron advance ω˙0, Shapiro
delay parameters ‘range r’ and ‘shape s’, apparent deriva-
tive of the projected semi-major axis x˙) to account for any
deviation of the orbit from Keplerian motion (see Damour
& Deruelle 1985, 1986; Damour & Taylor 1992). A detailed
description of all these parameters is given in Lorimer &
Kramer (2005). We use the tempo2 binary model T2 in gen-
eral in timing models of binary pulsars. For low-eccentricity
pulsars, we use the binary model ELL1 (Wex 1999; Lange
et al. 2001), in which the first and second Laplace-Lagrange
parameters (1 = e sinω0 and 2 = e cosω0) are fitted. For
low-eccentricity and medium- to high-inclination binary pul-
sars, we use the binary model DDH (Freire & Wex 2010) in
the timing model in which the amplitude of the third har-
3 https://bitbucket.org/psrsoft/tempo2
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Table 1. The observation information in PTA data releases. Note that, as in IPTA dr1, the GBT and AO observations of PSR
J1713+0747 reported in Zhu et al. (2015) and early AO observations of PSRs J1857+0943 and J1939+2134 reported in Kaspi et al.
(1994) are included in the data combination.
PTA Telescope Typical No. of Observing Data span
cadence pulsars Frequencies (MJD/Gregorian)
(weeks) (GHz) Earliest−Latest
EPTA EFF 4 18 1.4, 2.6 50360 (1996 Oct 04) − 56797 (2014 May 20)
JBO 3 35 1.4 54844 (2009 Jan 13) − 57028 (2015 Jan 06)
NRT 2 42 1.4, 2.1 47958 (1990 Mar 08) − 56810 (2014 Jun 02)
WSRT 4 19 0.3, 1.4, 2.2 51386 (1999 Jul 27) − 55375 (2010 Jun 28)
NANOGrav GBT 4 20 0.8, 1.4 53216 (2004 Jul 30) − 56598 (2013 Nov 02)
AO 4 19 0.3, 0.4, 1.4, 2.3 53343 (2004 Dec 04) − 56599 (2013 Nov 03)
Zhu et al. (2015) GBT and AO 2 1 0.8, 1.4, 2.3 48850 (1992 Aug 16) − 56598 (2013 Nov 02)
Kaspi et al. (1994) AO 2 2 1.4, 2.3 46436 (1986 Jan 06) − 48973 (1992 Dec 17)
PPTA PKS 2 20 0.6, 1.4, 3.1 49373 (1994 Jan 21) − 57051 (2015 Jan 29)
monic of the orbital period (H3) and the ratio of amplitudes
of successive harmonics (STIG) are fitted.
In the fitting process, the measured topocentric ToAs
are converted to the solar-system Barycentric Coordinate
Time (TCB) through the solar-system ephemeris DE4364
using the Terrestrial Time standard BIPM20155. The
Barycentric Dynamical Time (TDB) is commonly used in
astronomy and thus, we also convert our timing results to
TDB units and include the solutions in the data release sep-
arately. To develop the timing model for each pulsar, we
started by fitting the timing model parameters from one of
the individual PTA data releases. We then added any addi-
tional parameters needed to accommodate the other individ-
ual PTA data releases, and we tested for further parameters
that might be needed in the combined data set (as described
below).
If the pulsar is observed by NANOGrav, we then include
‘frequency-dependent’ (FD) parameters in the timing model
because of the availability of the frequency-dependent sub-
band ToAs to minimise the effect of frequency-dependent
pulse profile evolution (Arzoumanian et al. 2015b). The
number of required FD parameters for a given pulsar is ob-
tained from Arzoumanian et al. (2015b).
To model the white noise σ (uncorrelated in time) of the
pulsar data, we include the standard noise parameters EFAC
(Ef) and EQUAD (Eq) for each data set in the timing model
(see Verbiest et al. 2016, for details). The EFAC is a scale
parameter on the ToA uncertainty and the EQUAD is an
added variance that mainly accounts for the error caused by
pulse phase-jitter (Os lowski et al. 2011, 2013) and other sys-
tematic effects. The tempo2 version (Edwards et al. 2006)







4 This solar-system ephemeris is based on Folkner et al. (2014).
5 This time standard has been obtained according to principles
given in Guinot (1988) and Petit (2003).
while the temponest version (Lentati et al. 2014) defines








temponest6 is a pulsar noise analysis plugin in tempo2
that is based on Bayesian analysis (Lentati et al. 2014).
We also include the factor ECORR to correct for the pulse
phase jitter that causes correlation between simultaneous
ToAs obtained at different observing frequencies. In the data
combination, we include separate EFACs and EQUADs for
all telescope/backend-dependent PTA data sets, and sepa-
rate ECORRs for telescope/backend-dependent NANOGrav
data sets because of their available simultaneous frequency-
dependent ToAs (i.e. sub-band ToAs).
In addition to white noise, we model the time-correlated
red noise processes by including the stochastic DM variation
and the spin noise processes with power-law models in the
timing solution. We use the temponest plugin to determine
the white and red noise parameters by fitting simultaneously
while marginalising over the timing model parameters (see
Lentati et al. 2014, for more details of the software). We
note that, as shown in Lentati et al. (2016), some pulsars
in the IPTA dr1 needed additional red noise processes such
as “system noise” and “band noise” to accurately model the
noise in their timing data. The system noise models possible
instrumental effects and calibration errors that might appear
in a single observing system or telescope. The band noise
models signals that exist in a given frequency band. These
signals may have originated in the interstellar medium due
to processes that are incoherent between different bands, or
that do not scale in amplitude with the inverse square of the
observing frequency, or due to radio frequency interference
that present in the same band independent of the observing
site. Therefore, our basic DM and spin noise processes may
not provide the optimal model. A detailed noise analysis will
be carried out separately in a future study.
The individual PTA data releases used different meth-
ods of modelling DM variations: the EPTA data release used
the first two time derivatives of the DM and the stochastic
6 https://github.com/LindleyLentati/TempoNest
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Table 2. The basic properties of the pulsars in the IPTA second data release. The sources in this new data release that were not in
IPTA dr1 are marked with ‘∗’. The flux density of the pulsar at 1.4 GHz is quoted in the fourth column. The distance to the pulsar is given
in fifth column, using the electron density model YMW16 (Yao et al. 2017) based on the timing measured DM value, or compiled by the
model given in Verbiest et al. (2012), either using the updated parallax measurement from this paper (denoted by † – see Appendix A) or
from previously published parallax measurementsa (denoted by ‡). The uncertainty of the DM-derived distance is estimated considering
a typical 20 per cent error of the electron density model. The next columns indicate with an ‘X’ whether the pulsar is observed by
that particular PTA. The ninth column presents if the DM model given in Keith et al. (2013) is included (Y) or excluded (N) in the
timing solution of the pulsar according to VersionA (see § 4.1). In the tenth column, we quote the weighted root mean square of the
timing residuals σw, after subtracting out the timing model and the maximum likelihood time-correlated signals reported in VersionB
(see § 4.2). The eleventh column gives the time span of the data set.
















DMk σw Span References
period (cm−3 pc) (mJy) (kpc) (µs) (year)
(ms)
J0023+0923∗ 3.050 14.33 0.5 1.2± 0.2 X Y 1.34 2.3 1, 2, 3
J0030+0451 4.865 4.33 0.6 0.34± 0.01† X X Y 1.48 15.1 4, 2, 3
J0034−0534 1.877 13.77 0.6 1.03± 0.3 X N 4.19 13.5 5, 6, 7
J0218+4232 2.323 61.25 0.9 3.7+1.1−0.8‡ X Y 7.01 17.6 8, 9, 10, 11, 12
J0340+4130∗ 3.299 49.58 0.3 1.6± 0.3 X Y 5.16 1.7 1, 2, 3
J0437−4715 5.757 2.64 149.0 0.156± 0.001‡ X Y 0.11 18.6 13, 14, 15, 16, 17
J0610−2100 3.861 60.67 0.4 3.3± 0.7 X N 4.88 6.9 18
J0613−0200 3.062 38.78 2.3 1.11± 0.05† X X X Y 1.14 16.0 19, 2, 20, 21
J0621+1002 28.854 36.47 1.9 0.4± 0.1 X Y 6.57 11.8 22, 9, 11
J0645+5158∗ 8.853 18.25 0.3 0.7± 0.1 X Y 0.57 2.4 23, 2, 3
J0711−6830 5.491 18.41 3.2 0.11± 0.02 X Y 1.44 17.1 24, 14, 20, 16
J0751+1807 3.479 30.25 3.2 1.4+0.4−0.3‡ X N 3.00 17.6 25, 9, 11, 26
J0900−3144 11.110 75.71 3.8 0.4± 0.1 X N 3.21 6.9 18, 9, 16
J0931−1902∗ 4.638 41.49 0.4 3.7± 0.7 X N 3.69 0.6 27, 2, 3
J1012+5307 5.256 9.02 3.2 0.8+0.2−0.1‡ X X Y 1.91 16.8 28, 29, 3
J1022+1001 16.453 10.25 6.1 0.72± 0.02‡ X X Y 1.97 17.5 22, 14, 20, 21, 30
J1024−0719 5.162 6.49 1.5 1.2+0.2−0.1† X X X Y 1.71 18.2 24, 2, 16
J1045−4509 7.474 58.14 2.7 0.5+1.3−0.3‡ X Y 3.19 17.0 5, 14, 16, 31
J1455−3330 7.987 13.57 1.2 1.0+0.3−0.2‡ X X Y 4.12 9.7 19, 2, 7, 26
J1600−3053 3.598 52.32 2.5 2.0+0.3−0.2† X X X Y 0.92 12.3 32, 2, 21
J1603−7202 14.842 38.05 3.1 1.1± 0.2 X Y 1.58 15.3 33, 14, 20, 21
J1614−2230∗ 3.151 34.49 0.7 0.69+0.05−0.04† X Y 1.38 5.1 34, 2, 3
J1640+2224 3.163 18.42 2.0 1.5± 0.3 X X Y 0.77 17.2 2, 11
J1643−1224 4.622 62.41 4.8 1.1+0.6−0.3† X X X Y 2.55 20.1 19, 14, 21
J1713+0747 4.570 15.97 10.2 1.20± 0.03† X X X Y 0.21 22.5 35, 2, 21
J1721−2457 3.497 47.76 0.6 1.4± 0.3 X N 12.21 12.8 36, 37
J1730−2304 8.123 9.62 3.9 0.60+0.09−0.07† X X Y 1.57 20.3 19, 14, 16
J1732−5049 5.313 56.82 1.3 1.87± 0.4 X Y 2.72 8.0 36, 14, 21
J1738+0333 5.850 33.77 0.7 1.5± 0.1‡ X X Y 1.38 7.3 38, 39, 3
J1741+1351∗ 3.747 24.20 0.9 1.4± 0.3 X Y 0.46 4.2 32, 2
J1744−1134 4.075 3.137 3.1 0.410± 0.008† X X X Y 0.73 19.9 24, 14, 16
J1747−4036∗ 1.646 152.98 0.9 7.1± 1.4 X Y 4.79 1.7 40, 2, 41
J1751−2857 3.915 42.84 0.1 1.1± 0.2 X N 2.85 8.3 42, 9
J1801−1417 3.625 57.26 0.2 1.1± 0.2 X N 2.76 7.0 43, 9, 44
J1802−2124 12.648 149.63 0.8 3.0± 0.6 X N 2.76 7.2 43, 45
J1804−2717 9.343 24.67 0.4 0.8± 0.2 X N 3.72 8.4 33, 9, 10, 11
ahttp://hosting.astro.cornell.edu/research/parallax/
References: (1) Hessels et al. (2011), (2) Arzoumanian et al. (2018a), (3) Levin et al. (2016), (4) Lommen et al. (2000),
(5) Bailes et al. (1994), (6) Abdo et al. (2010), (7) Toscano et al. (1998), (8) Navarro et al. (1995), (9) Desvignes et al. (2016),
(10) Hobbs et al. (2004b), (11) Kramer et al. (1998), (12) Du et al. (2014), (13) Johnston et al. (1993), (14) Reardon et al. (2016),
(15) Verbiest et al. (2008), (16) Jankowski et al. (2018), (17) Deller et al. (2008),d (18) Burgay et al. (2006), (19) Lorimer et al. (1995),
(20) Hotan et al. (2006), (21) Manchester et al. (2013), (22) Camilo et al. (1996), (23) Stovall et al. (2014), (24) Bailes et al. (1997),
(25) Lundgren et al. (1995), (26) Guillemot et al. (2016), (27) Arzoumanian et al. (2015b), (28) Nicastro et al. (1995),
(29) Lazaridis et al. (2009), (30) Deller et al. (2019), (31) Verbiest et al. (2009), (32) Jacoby et al. (2007), (33) Lorimer et al. (1996),
(34) Crawford et al. (2006) (35) Foster et al. (1993), (36) Edwards & Bailes (2001), (37) Janssen et al. (2010), (38) Jacoby (2005),
(39) Freire et al. (2012), (40) Kerr et al. (2012), (41) Camilo et al. (2015), (42) Stairs et al. (2005), (43) Faulkner et al. (2004),
(44) Lorimer et al. (2006), (45) Ferdman et al. (2010), (46) Lyne et al. (1987), (47) Burgay et al. (2013), (48) Hobbs et al. (2004a),
(49) Segelstein et al. (1986), (50) Champion et al. (2008), (51) Freire et al. (2011), (52) Jacoby et al. (2003), (53) Lynch et al. (2013),
(54) Backer et al. (1982), (55) Champion et al. (2005), (56) Deneva et al. (2012), (57) Boriakoff et al. (1983), (58) Cognard et al. (2011),
(59) Nice et al. (1993), (60) Nice et al. (2001), (61) Ray et al. (1996), (62) Ransom et al. (2011), (63) Camilo (1995), (64) Camilo et al. (1993)
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Figure 2. The frequency coverage and the time baseline of the observations used in IPTA dr2 for each pulsar. Note that all pulsars
are observed at L-band (∼1400 MHz). The y-axis of each panel represents a frequency range of approximately 0–4 GHz in linear scale.
The frequency of each ToA is plotted, so that approximately the entire bandwidth is shown for NANOGrav observations because of their
available sub-band ToAs.
DM variation with a power-law (Desvignes et al. 2016; Ca-
ballero et al. 2016); the PPTA data release used only the
first two time derivatives of the DM (Reardon et al. 2016);
and the NANOGrav data release measured the change in
DM, relative to the fiducial DM value in the timing model,
at nearly every observing epoch using the tempo7 ‘DMX’
parameter (Arzoumanian et al. 2015b). In this IPTA data
combination, we use two different methods to model the DM
variation, including the model DMMODEL given in Keith
7 http://tempo.sourceforge.net/
et al. (2013) as described in § 4.1, and time derivatives of the
DM with a power-law stochastic DM variation as described
in § 4.2.
Finally, with the fully combined data set and timing
model for each pulsar, we use an F -test with the residual
sum of squares of each model, as described in Arzoumanian
et al. (2015b), to search for parameters that have become
significant as a result of combining the data. This process
is used in all NANOGrav data releases to ensure the model
is as complete as possible. With the addition of a new pa-
rameter, an F -test significance value of ≤ 0.0027 (i.e., 3σ
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Table 2 – continued
















DMk σw Span References
period (cm−3 pc) (mJy) (kpc) (µs) (year)
(ms)
J1824−2452A 3.054 119.89 2.0 3.7± 0.7 X Y 0.57 5.6 46, 14, 21
J1832−0836∗ 2.719 28.18 1.1 0.8± 0.2 X Y 1.86 0.6 47, 2
J1843−1113 1.846 59.96 0.1 1.7± 0.3 X N 0.71 10.0 48, 9
J1853+1303 4.092 30.57 0.4 1.3± 0.3 X X Y 1.31 8.4 43, 2, 42
J1857+0943 5.362 13.30 5.0 1.1± 0.1† X X X Y 1.16 28.4 49, 2, 21
J1903+0327∗ 2.150 297.52 1.3 6.1± 1.2 X Y 2.11 4.0 50, 51
J1909−3744 2.947 10.39 2.1 1.14± 0.01† X X X Y 0.19 10.8 52, 14, 16
J1910+1256 4.984 38.07 0.5 1.5± 0.3 X X Y 1.42 9.5 43, 2, 42
J1911−1114 3.626 31.02 0.5 1.1± 0.2 X N 4.30 7.5 33, 9, 11
J1911+1347 4.626 30.99 0.1 1.4± 0.3 X N 1.09 8.8 43, 2, 44
J1918−0642 7.646 26.55 0.6 1.3+0.2−0.1† X X Y 1.80 12.8 36, 2, 37
J1923+2515∗ 3.788 18.86 0.2 1.2± 0.2 X Y 2.25 2.2 53, 2, 3
J1939+2134 1.558 71.02 13.2 4.7+1.4−0.9† X X X Y 0.24 29.4 54, 9, 21
J1944+0907∗ 5.185 24.34 2.6 1.2± 0.2 X Y 2.22 5.7 55, 2, 3
J1949+3106∗ 13.138 164.13 0.2 7.5± 1.5 X Y 4.61 1.2 56
J1955+2908 6.133 104.50 1.1 6.3± 1.3 X X Y 3.20 8.1 57, 2, 11
J2010−1323 5.223 22.16 1.6 1.9+0.8−0.5‡ X X Y 2.53 7.4 32, 2, 30
J2017+0603∗ 2.896 23.92 0.5 1.4± 0.3 X Y 0.72 1.7 58, 2
J2019+2425 3.934 17.20 – 1.2± 0.2 X N 9.64 9.1 59, 60
J2033+1734 5.949 25.08 – 1.7± 0.3 X N 13.65 7.9 61, 2
J2043+1711∗ 2.380 20.71 – 1.1± 0.1† X Y 0.63 2.3 1, 2
J2124−3358 4.931 4.60 3.6 0.39+0.05−0.04† X X Y 2.89 20.0 24, 14, 21
J2129−5721 3.726 31.85 1.1 0.6+0.6−0.2‡ X Y 0.98 15.4 33, 14, 21, 31
J2145−0750 16.052 9.00 8.9 0.62± 0.02‡ X X X Y 1.73 21.2 5, 9, 14, 16, 30
J2214+3000∗ 3.119 22.55 0.5 0.9± 0.2† X Y 1.67 2.1 62, 2, 3
J2229+2643 2.978 22.72 0.9 1.8± 0.4 X N 4.28 8.2 63, 2, 11
J2302+4442∗ 5.192 13.73 1.2 0.9± 0.2 X Y 5.82 1.7 58, 27
J2317+1439 3.445 21.90 4 0.7+0.7−0.3‡ X X Y 0.87 17.3 64, 2, 11, 30
J2322+2057 4.808 13.36 – 1.0± 0.2 X N 6.74 7.9 59, 9
significance) implies that the additional parameter has sig-
nificantly improved the model’s description of the data. For
long data sets, the most likely parameters to become signif-
icant are post-Keplerian parameters; additionally, the use
of wide-bandwidth or multi-band data may require higher-
order “FD” parameters to model frequency-dependent pulse
shape evolution, as described in Arzoumanian et al. (2015b).
After having combined the timing models as described ear-
lier in this section, with this F -test analysis we do not find
any additional parameters that are required in IPTA dr2
pulsar timing models beyond those used in the individual
PTA data sets.
4 RESULTS
We produce two data combination versions (VersionA and
VersionB) in the IPTA dr2 and the data set is available
at http://www.ipta4gw.org. We also note that the data
set includes separate timing solutions for pulsars produced
with TCB and TDB units. The two versions are different in
terms of modelling the DM variation and handling the noise
properties of pulsars, and they are described below in detail.
4.1 IPTA dr2 – VersionA
In this version, we determine the DM variation using the
model given in Keith et al. (2013) and implemented in
tempo2 as DMMODEL. This model estimates the DM off-
sets from the global value as a function of time for a given
time grid. We use a 60 day MJD grid in general for all pul-
sars in the combination, but a 30 day grid is used for several
sources to better constrain DM variations. For pulsars with a
lack of multi-frequency observations (or a shorter time span
of multi-frequency coverage), the DMMODEL does not pro-
vide reliable results and thus, we use the basic time deriva-
tives of the DM (i.e. ˙DM and D¨M) in the timing model (see
the ninth column in Table 2). We include only white noise
parameters EFACs and EQUADs in the timing model of
pulsars in this version. Note that we do not constrain them
using this IPTA data combination, rather we use the val-
ues constrained in previous data releases. The EFACs and
EQUADs for the EPTA data are taken from the EPTA dr1
(Desvignes et al. 2016), those for the PPTA data are taken
from the IPTA dr1 (Verbiest et al. 2016). These EPTA and
PPTA white noise parameters were constrained using tem-
ponest according to the ToA uncertainty scaling given in
Equation 2. For NANOGrav data, we use the tempo2 ver-
sion of EFACs and EQUADs (see Equation 1), which are
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taken from the NANOGrav data release (Arzoumanian et al.
2015b). Finally we update timing models of all 65 pulsars
by running tempo2 using the combined IPTA data set.
Figure 3 shows the time-dependent DM variation ob-
tained from DMMODEL for pulsars that are observed by all
three PTAs. Note that we did not include PSR J1939+2134
in Figure 3 because of its complicated DM variation and
timing noise (e.g. Kaspi et al. 1994; Manchester et al. 2013;
Arzoumanian et al. 2015b; Desvignes et al. 2016; Caballero
et al. 2016; Lentati et al. 2016). These results are consis-
tent with the DM variations of pulsars presented in Keith
et al. (2013) using the PPTA data, and also with the re-
sults obtained using the DMX method that are presented in
Arzoumanian et al. (2015b) using the NANOGrav data.
4.2 IPTA dr2 – VersionB
The main difference of this version compared to VersionA is
in the modelling of the white and red noise processes and
DM variations of the pulsars. We re-estimate all the noise
parameters of pulsars based on this IPTA data combina-
tion, rather than using previously constrained values given
in other data releases. We include new EFACs and EQUADs
for all PTA data sets and separate ECORRs for NANOGrav
data sets if available in the pulsar timing model. We include
the first two time derivatives of the DM and then model
the time-correlated stochastic DM and the red spin noise
processes using separate power-law models in the timing
model. Using temponest, we then constrain these noise pa-
rameters simultaneously while marginalising over the timing
model parameters. For comparison with VersionA, we over-
plot the DM variations for pulsars that are observed by all
three PTAs in Figure 3. This shows that the overall time-
dependent DM variations modeled by these two methods are
largely consistent with each other within their uncertainties.
We present the timing residuals of pulsars in Figure 4
and Figure 5. We have subtracted the power-law waveform
of the DM stochastic noise in these residuals, but not the
waveforms of red spin noise processes. Some pulsars exhibit
complicated noise processes and need a more sophisticated
noise analysis including various additional noise terms such
as systematic noise and band noise as discussed in Lentati
et al. (2016). This will be done separately combining with
GW search analyses using this new data combination in the
future. We present the best timing models for all our pulsars
in Appendix A.
5 DISCUSSION
In this paper, we presented the creation of the IPTA sec-
ond data release (IPTA dr2) that includes the EPTA,
NANOGrav, and PPTA data releases presented in Desvi-
gnes et al. (2016), Arzoumanian et al. (2015b), and Reardon
et al. (2016), respectively. This new IPTA data release con-
sists of regularly observed high-precision timing data of 65
MSPs, which includes 16 additional MSPs compared to the
previous IPTA dr1. We produced two versions in the data
release (i.e. VersionA and VersionB) depending on different
methods of handling the DM and the noise processes of pul-
sars as described in Section 4. We directly compared the
timing ephemerides of pulsars obtained from the two ver-
sions in this new IPTA dr2 and the previous IPTA dr1. We
found that all the timing parameters are greatly consistent
with each other and their uncertainties resulted in IPTA dr2
are generally improved compared to the IPTA dr1, mostly
due to the addition of more data in the combination. We
also compared the DM variations of pulsars obtained us-
ing VersionA and VersionB (see Figure 3). This comparison
shows that the overall features in the variations are con-
sistent with each other within their uncertainties, including
the uncertainty of the mean DM measurement in the timing
model. We note that the DMMODEL provides much noisier
variation compared to the power-law model. This is because
the DMMODEL follows a piece-wise method using a given
time-grid, which depends on observation sampling and the
availability of multi-frequency data (see Keith et al. 2013).
In contrast, the power-law model fits for the power spectrum
of the timing data and the waveform of the DM variation
can be generated for any given time series (see Lentati et al.
2014; Lee et al. 2014).
We only constrained the basic noise properties of pul-
sars in this data combination. However, using IPTA dr1,
Lentati et al. (2016) showed that some pulsars need ad-
ditional noise terms such as system and band noise to
model their overall noise properties accurately because of
the involvement of several observing systems (i.e. back-
ends/telescopes) in the observations and also wider fre-
quency coverages. By simply comparing the weighted root
mean square (rms) of timing residuals after subtracting the
maximum-likelihood time-correlated noise signals (i.e., by
comparing σw in Table 2 herein and Table 1 in Lentati
et al. 2016), we found that approximately 60 per cent of pul-
sars have improved their timing precision based on this new
IPTA dr2 compared to the previous IPTA dr1. The rest of
the pulsars have slightly poorer timing precision compared
to the previous data release, probably because these pul-
sars require additional noise terms to optimise their noise
analysis as described in Lentati et al. (2016) which we have
ignored in the present analysis. Thus, a detailed noise mod-
eling based on the IPTA dr2 will be required and conducted
in subsequent analysis. This will be published separately in
the future.
Adding new data is essential to improve the timing pre-
cision and the sensitivity of the IPTA to GWs. We also
need to consider and understand these new data and their
noise behaviour to be able to achieve optimal results. This
requires additional noise investigation and more computa-
tionally expensive methods to model their noise behaviours,
which can be very time consuming. For instance, the data
sets of PSRs J1713+0747 and J1939+2134 in the IPTA dr2
are long and dense due to the involvement of all IPTA tele-
scopes in the observations with several backends providing
broad frequency coverage. Based on our basic noise analysis,
J1713+0747 and J1939+2134 required 90 and 74 noise pa-
rameters, respectively, in the timing model requiring weeks
of computer time to conduct their noise analyses. We will
have more pulsar data available for the IPTA in the future
and their noise analyses will become even more complicated.
Therefore, we need to investigate methods to improve the ef-
ficiencies of current pulsar noise analysis software and also
novel techniques to constrain noise in more efficient ways.
While we have assumed here that all stochastic processes
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Figure 3. The time-dependent DM variations for pulsars that are observed by all three PTAs obtained using the DMMODEL (blue)
as described in VersionA (see § 4.1). Note that the mean DM is subtracted and only the variation is plotted. For comparison, the
DM variations obtained using the power-law model described in VersionB (see § 4.2) are over-plotted (red), and their uncertainties
are estimated using a Gaussian process regression method. The overall features in DM variations obtained from the two versions are
consistent with each other within their measured uncertainties. Note that we omitted PSR J1939+2134 in this figure because of its
complicated timing noise behaviour.
have power-law spectra, in the future it may necessary to
consider more complex models to be able to understand the
pulsar noise behaviours more accurately. This will become
important especially when high-resolution data are available
for the IPTA from modern telescopes such as MeerKAT and
Square Kilometre Array, and also with the instrument up-
grades of current telescopes in the IPTA.
6 FUTURE IPTA STUDIES
The primary goal of the IPTA is to detect and characterize
low-frequency GWs using high-precision pulsar timing (Ver-
biest et al. 2016). The IPTA dr2 is the most complete MSP
data set produced up-to-date for GW search experiments.
There are a suite of papers which are currently exploring
the broader impacts of IPTA dr2. In terms of GW search
MNRAS 000, 000–000 (0000)
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Figure 4. The timing residuals (i.e. the difference between the observed and timing model predicted ToAs) of the first 36 pulsars
obtained using the data combination VersionB (see § 4.2). The maximum-likelihood waveform of the power-law stochastic DM variation
model is subtracted from the residuals, but the red spin noise model has not been subtracted. The pulsar name is given in the top and the
weighted root-mean-square of the timing residuals is given in the bottom of each panel. The colour-code represents different observing
frequencies as given in Figure 2: <0.5 GHz (red), 0.5–1.0 GHz (orange), 1–2 GHz (green), >2 GHz (blue).
analyses, we are preparing improved GW background con-
straints that revise upper limits from Shannon et al. (2015)
and Lentati et al. (2015) by accounting for solar-system ef-
fects using BayesEphem (Arzoumanian et al. 2018b), and
will apply more flexible DM variation models to Arzouma-
nian et al. (2015b). We are exploring the detection response
of the IPTA to the GW background, and how this compares
to that of the constituent regional PTA data sets. We are
also carrying out a search for GW memory (Braginskii &
Thorne 1987; van Haasteren & Levin 2010; Arzoumanian
et al. 2015a; Wang et al. 2015; Madison et al. 2017), in ad-
dition to exploring new and novel ways of analyzing IPTA
data. These include (but are not limited to) the identifica-
tion and removal of legacy ToAs which do not contribute to
our GW background sensitivity, as well as the preparation
of smaller IPTA data sets that require minimal combina-
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Figure 5. Same as Figure 4, but for the last 29 pulsars.
tion efforts from the constitutent PTAs, thereby enabling
fast diagnostics. Potential avenues of future GW study with
this data include searching for individually-resolvable super-
massive black hole binary systems (Zhu et al. 2014; Babak
et al. 2016; Aggarwal et al. 2018), and placing constraints
on beyond-General-Relativity GW polarization states (Lee
et al. 2008, 2010; Chamberlin & Siemens 2012; Lee 2013;
Gair et al. 2015; Cornish et al. 2018; O’Beirne et al. 2019).
We expect IPTA dr2 to also impact many areas that
are synergistic to nanohertz GW searches, including (but
not limited to): probing ultralight scalar-field dark matter
(the so-called “fuzzy” dark matter) in the particle mass
range 10−24−10−22 eV (Porayko et al. 2018, and references
therein); improving the characterization of radio-frequency–
dependent delay processes induced by the ionized interstel-
lar medium (Keith et al. 2013; Lam et al. 2017; Jones et al.
2017) and solar wind (Madison et al. 2019; Niu et al. 2017;
Tiburzi et al. 2019); studying the solar system and giving in-
dependent constraints on ephemeris parameters with pulsar-
timing data (Arzoumanian et al. 2018b; Guo et al. 2018;
Caballero et al. 2018); and synthesizing a pulsar-based time
standard (Hobbs et al. 2012). Several of these goals (both
GW and synergistic) may be aided by improved pulsar dis-
tance precision and discovery techniques (e.g. Deller et al.
2019; Mingarelli et al. 2018; Jennings et al. 2018).
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APPENDIX A: TIMING MODELS
In this appendix, we present the updated timing solutions
for all 65 MSPs according to VersionB as described in § 4.2
based on this most up-to-date IPTA data combination.
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Table A1. Timing solutions of pulsars based on VersionB described in § 4.2. The values in parentheses represent the 1-σ uncertainty
of the last displayed digit for the parameter. The description of parameters is given in § 3.
J0023+0923 J0030+0451 J0034-0534 J0218+4232
MJD range 55757− 56600 51275− 56780 51769− 56707 50370− 56788
Number of ToAs 4373 3362 276 1196
Weighted rms timing residual (µs) 1.34 3.32 4.27 7.82
Reduced χ2 1.01 1.01 0.93 1.02
Reference epoch 56200 55000 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 00:23:16.87910(2) 00:30:27.42838(3) 00:34:21.83424(8) 02:18:06.35731(2)
Declination, DEC (J2000) +09:23:23.8689(8) +04:51:39.707(1) −05:34:36.722(3) +42:32:17.3821(4)
Proper motion in RA (mas yr−1) −12.4(5) −6.4(1) 7.9(3) 5.31(8)
Proper motion in DEC (mas yr−1) −6.1(10) 0.9(3) −9.2(6) −3.1(1)
Spin frequency, f (s−1) 327.847015546207(3) 205.530695938454(2) 532.71342939522(3) 430.46105454575(2)
f˙ (s−2) −1.2281(4)× 10−15 −4.2977(2)× 10−16 −1.4127(3)× 10−15 −1.43412(1)−14
Parallax, pi (mas) 0.4(3) 2.94(9) – –
Dispersion measure, DM (cm−3 pc) 14.32828(7) 4.33293(5) 13.765(2) 61.248(2)
˙DM (cm−3 pc yr−1) 1(2)× 10−5 1.0(4)× 10−5 −1.4(10)× 10−4 −3(5)× 10−4
D¨M (cm−3 pc yr−2) −1.7(6)× 10−4 −4(1)× 10−6 −3(1)× 10−5 6(5)× 10−5
Binary model ELL1 – T2 T2
Orbital period, Pb (d) 0.13879914463(4) – 1.5892818253(2) 2.02884611560(9)
Epoch of periastron, T0 (MJD) 56178.836(4) – 54238.87(4) 53577.82(2)
Projected semi-major axis, x (lt-s) 0.0348410(1) – 1.4377662(5) 1.9844344(4)
Longitude of periastron, ω0 (deg) 81(11) – 312(9) 48(3)
Eccentricity, e 2.5(5)× 10−5 – 4.4(7)× 10−6 6.8(4)× 10−6
Epoch of ascending node, Tasc (MJD) 56178.80509387(8) – 54237.4968265(1) 53577.55114132(7)
1 = e sinω0 2.4(5)× 10−5 – −3.3(7)× 10−6 5.1(4)× 10−6
2 = e cosω0 4(5)× 10−6 – 2.9(6)× 10−6 4.6(4)× 10−6
J0340+4130 J0437−4715 J0610−2100 J0613−0200
MJD range 55971− 56587 50191− 56978 54269− 56793 50931− 56797
Number of ToAs 3003 5302 1034 9322
Weighted rms timing residual (µs) 5.17 1.12 4.88 1.21
Reduced χ2 1.00 1.01 0.98 0.89
Reference epoch 56279 55000 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 03:40:23.28822(1) 04:37:15.9125330(5) 06:10:13.59548(2) 06:13:43.9756980(10)
Declination, DEC (J2000) +41:30:45.2900(3) −47:15:09.208600(5) −21:00:27.9314(3) −02:00:47.22547(3)
Proper motion in RA (mas yr−1) 0.0(4) 121.443(1) 9.04(8) 1.828(5)
Proper motion in DEC (mas yr−1) −4.4(8) −71.474(2) 16.7(1) −10.35(1)
Spin frequency, f (s−1) 303.090974733986(5) 173.6879457375201(9) 258.9784751479(1) 326.6005620234881(4)
f˙ (s−2) −6.47(1)× 10−16 −1.728350(8)× 10−15 −8.25(1)× 10−16 −1.022962(5)× 10−15
Parallax, pi (mas) 0.4(4) 6.42(7) – 0.90(4)
Dispersion measure, DM (cm−3 pc) 49.5787(2) 2.6453(3) 60.67(2) 38.7773(5)
˙DM (cm−3 pc yr−1) 8(1)× 10−4 −1(1)× 10−4 −1.0(7)× 10−2 −1(1)× 10−4
D¨M (cm−3 pc yr−2) 3(2)× 10−4 −1(1)× 10−5 1.8(10)× 10−3 1(2)× 10−5
Binary model – T2 T2 T2
Orbital period, Pb (d) – 5.7410458(3) 0.28601600622(7) 1.198512575217(10)
Epoch of periastron, T0 (MJD) – 55316.6954(3) 55530.88(1) 53862.990(5)
Projected semi-major axis, x (lt-s) – 3.36672001(5) 0.0734891(3) 1.0914423(3)
Longitude of periastron, ω0 (deg) – 1.38(2) 62(15) 37(1)
Eccentricity, e – 1.9182(1)× 10−5 2.8(7)× 10−5 4.50(9)× 10−6
Sine of inclination, sin i – – – 0.94(2)
Companion mass, mc (M) – 0.228(6) – 0.14(3)
Derivative of Pb, P˙b – 3.730(3)× 10−12 −2(2)× 10−13 2.6(7)× 10−14
Periastron advance ω˙0 (deg yr−1) – 0.013(1) – –
Epoch of ascending node, Tasc (MJD) – – 55530.8296112(3) 53862.866713717(8)
1 = e sinω0 – – 2.5(7)× 10−5 2.7(1)× 10−6
2 = e cosω0 – – 1.3(7)× 10−5 3.60(4)× 10−6
Longitude of ascending node, Ω (deg) – 209(1) – –
Inclination angle, i (deg) – 137.51(2) – –
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Table A1 – continued
J0621+1002 J0645+5158 J0711−6830 J0751+1807
MJD range 52481− 56782 55703− 56587 49373− 55620 50363− 56794
Number of ToAs 682 2891 507 1491
Weighted rms timing residual (µs) 9.52 0.92 1.44 3.01
Reduced χ2 1.01 1.00 1.00 1.01
Reference epoch 55000 56143 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 06:21:22.11438(2) 06:45:59.081909(4) 07:11:54.18529(1) 07:51:09.15535(2)
Declination, DEC (J2000) +10:02:38.734(2) +51:58:14.92069(8) −68:30:47.39498(7) +18:07:38.487(1)
Proper motion in RA (mas yr−1) 3.2(1) 1.64(8) −15.57(2) −2.72(6)
Proper motion in DEC (mas yr−1) −0.6(5) −7.2(1) 14.21(2) −13.4(3)
Spin frequency, f (s−1) 34.657406621409(3) 112.9497214429707(10) 182.117234647221(2) 287.457853995101(4)
f˙ (s−2) −5.683(7)× 10−17 −6.25(2)× 10−17 −4.9438(2)× 10−16 −6.4349(4)× 10−16
Parallax, pi (mas) – 0.39(8) – 0.8(2)
Dispersion measure, DM (cm−3 pc) 36.515(6) 18.2479(4) 18.4074(3) 30.247(7)
˙DM (cm−3 pc yr−1) −7(2)× 10−3 4(3)× 10−5 2(1)× 10−4 0(3)× 10−4
D¨M (cm−3 pc yr−2) 1.1(6)× 10−3 1.3(4)× 10−4 5(3)× 10−5 3(4)× 10−5
Binary model T2 – – T2
Orbital period, Pb (d) 8.3186812(3) – – 0.263144270733(4)
Epoch of periastron, T0 (MJD) 55145.69085(4) – – 53578.341(8)
Projected semi-major axis, x (lt-s) 12.0320732(4) – – 0.3966144(2)
Longitude of periastron, ω0 (deg) 188.941(2) – – 81(11)
Eccentricity, e 0.00245725(7) – – 3.2(6)× 10−6
Derivative of Pb, P˙b – – – −3.5(3)× 10−14
Derivative of x, x˙ – – – −5(1)× 10−15
Periastron advance ω˙0 (deg yr−1) 0.0114(6) – – –
Third harmonic of Shapiro, h3 (s) – – – 2.7(6)× 10−7
Ratio of harmonics amplitude, ζ – – – 0.97(5)
Epoch of ascending node, Tasc (MJD) – – – 53578.28170582(2)
1 = e sinω0 – – – 3.1(6)× 10−6
2 = e cosω0 – – – 5(6)× 10−7
J0900−3144 J0931−1902 J1012+5307 J1022+1001
MJD range 54286− 56795 56350− 56587 50646− 56796 50360− 56769
Number of ToAs 875 712 13056 1399
Weighted rms timing residual (µs) 3.21 3.69 2.05 2.07
Reduced χ2 1.02 1.00 1.00 0.97
Reference epoch 55000 56469 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 09:00:43.953111(8) 09:31:19.1174(2) 10:12:33.437530(6) –
Declination, DEC (J2000) −31:44:30.8951(1) −19:02:55.022(2) +53:07:02.30019(6) –
Ecliptic longitude λ (deg) – – – 153.86586693(2)†
Ecliptic latitude β (deg) – – – −0.06389(2)†
Proper motion in RA (mas yr−1) −1.00(5) – 2.61(1) –
Proper motion in DEC (mas yr−1) 2.01(6) – −25.49(1) –
Proper motion in λ (mas yr−1) – – – −15.93(2)†
Proper motion in β (mas yr−1) – – – 6(15)†
Spin frequency, f (s−1) 90.011841919360(4) 215.6088071342(1) 190.2678344415543(8) 60.7794479566968(4)
f˙ (s−2) −3.9604(8)× 10−16 −1.9(3)× 10−16 −6.20045(7)× 10−16 −1.60094(5)× 10−16
Parallax, pi (mas) 0.7(6) −2(3) 0.9(2) 0.8(2)
Dispersion measure, DM (cm−3 pc) 75.706(7) 41.4880(2) 9.0218(1) 10.253(4)
˙DM (cm−3 pc yr−1) 1.2(7)× 10−3 −2(5)× 10−4 1.0(3)× 10−4 1(9)× 10−5
D¨M (cm−3 pc yr−2) −2(3)× 10−4 – 1.1(5)× 10−5 3(2)× 10−5
Binary model T2 – T2 DDH
Orbital period, Pb (d) 18.7376360594(9) – 0.604672723085(3) 7.805136(1)
Epoch of periastron, T0 (MJD) 55530.415(5) – 53720.56(1) 53899.5196(2)
Projected semi-major axis, x (lt-s) 17.2488113(2) – 0.58181754(6) 16.765411(2)
Longitude of periastron, ω0 (deg) 70.4(1) – 83(7) 97.775(8)
Eccentricity, e 1.049(2)× 10−5 – 1.1(1)× 10−6 9.704(5)× 10−5
Derivative of Pb, P˙b – – 5.2(4)× 10−14 2.1(7)× 10−13
Derivative of x, x˙ – – 1.9(3)× 10−15 1.31(10)× 10−14
Periastron advance ω˙0 (deg yr−1) – – – 0.013(2)
Third harmonic of Shapiro, h3 (s) – – – 6.2(7)× 10−7
Ratio of harmonics amplitude, ζ – – – 0.67(9)
Epoch of ascending node, Tasc (MJD) 55526.75096922(3) – 53720.42199741(1) –
1 = e sinω0 9.88(2)× 10−6 – 1.1(1)× 10−6 –
2 = e cosω0 3.52(2)× 10−6 – 1(1)× 10−7 –
† Ecliptic coordinates are used for PSR J1022+1001 and thus, ecliptic longitude λ and latitude β, and their proper motions are constrained.MNRAS 000, 000–000 (0000)
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Table A1 – continued
J1024-0719 J1045-4509 J1455-3330 J1600-3053
MJD range 50117− 56766 49406− 55620 53217− 56752 52301− 56796
Number of ToAs 5865 605 5507 9006
Weighted rms timing residual (µs) 7.29 3.19 4.13 0.95
Reduced χ2 0.98 1.00 1.01 1.00
Reference epoch 55000 55000 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 10:24:38.675401(3) 10:45:50.18621(2) 14:55:47.969867(9) 16:00:51.903355(3)
Declination, DEC (J2000) −07:19:19.43375(10) −45:09:54.1151(2) −33:30:46.3804(2) −30:53:49.3751(1)
Proper motion in RA (mas yr−1) −35.27(2) −6.08(6) 7.91(4) −0.97(1)
Proper motion in DEC (mas yr−1) −48.22(4) 5.15(6) −1.90(9) −7.04(5)
Spin frequency, f (s−1) 193.715683448525(4) 133.793149541188(3) 125.2002432449954(4) 277.9377069896082(8)
f˙ (s−2) −6.9544(3)× 10−16 −3.1621(3)× 10−16 −3.80953(8)× 10−16 −7.3385(2)× 10−16
Parallax, pi (mas) 0.8(1) – 0.9(2) 0.50(6)
Dispersion measure, DM (cm−3 pc) 6.4765(8) 58.144(6) 13.5692(2) 52.3310(3)
˙DM (cm−3 pc yr−1) 2.8(8)× 10−4 0(3)× 10−3 1.8(2)× 10−4 −3.6(5)× 10−4
D¨M (cm−3 pc yr−2) 0(2)× 10−5 1(2)× 10−4 1(6)× 10−6 6(2)× 10−5
Binary model – T2 T2 DDH
Orbital period, Pb (d) – 4.0835292548(2) 76.174568646(4) 14.348463(1)
Epoch of periastron, T0 (MJD) – 54523.124(4) 54921.7489(5) 55232.5810(3)
Projected semi-major axis, x (lt-s) – 3.0151315(2) 32.3622132(2) 8.8016537(4)
Longitude of periastron, ω0 (deg) – 242.1(3) 223.457(2) 181.838(7)
Eccentricity, e – 2.34(1)× 10−5 1.69663(7)× 10−4 1.73726(5)× 10−4
Derivative of x, x˙ – – −2.1(2)× 10−14 −3.3(3)× 10−15
Periastron advance ω˙0 (deg yr−1) – – – 0.0031(7)
Third harmonic of Shapiro, h3 (s) – – – 3.5(2)× 10−7
Ratio of harmonics amplitude, ζ – – – 0.67(3)
J1603−7202 J1614−2230 J1640+2224 J1643−1224
MJD range 50025− 55620 54724− 56587 50458− 56762 49422− 56778
Number of ToAs 463 7323 3098 8136
Weighted rms timing residual (µs) 1.66 1.38 0.85 3.23
Reduced χ2 0.93 1.00 0.97 1.00
Reference epoch 55000 55655 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 16:03:35.67676(3) 16:14:36.50712(2) 16:40:16.744853(3) 16:43:38.161543(10)
Declination, DEC (J2000) −72:02:32.7400(2) −22:30:31.231(2) +22:24:08.84115(7) −12:24:58.6731(7)
Proper motion in RA (mas yr−1) −2.47(3) 3.6(2) 2.08(1) 6.03(3)
Proper motion in DEC (mas yr−1) −7.36(4) −33(1) −11.34(2) 4.1(1)
Spin frequency, f (s−1) 67.376581128781(1) 317.3789370687213(7) 316.1239793318561(6) 216.373337142635(7)
f˙ (s−2) −7.094(1)× 10−17 −9.6945(3)× 10−16 −2.81540(7)× 10−16 −8.6440(4)× 10−16
Parallax, pi (mas) – 1.46(9) 0.6(4) 0.9(3)
Dispersion measure, DM (cm−3 pc) 38.059(5) 34.4907(2) 18.4268(2) 62.414(1)
˙DM (cm−3 pc yr−1) 3(6)× 10−4 −7(5)× 10−5 9(3)× 10−5 −1.1(7)× 10−3
D¨M (cm−3 pc yr−2) 4(7)× 10−5 4(7)× 10−5 −1.8(6)× 10−5 −6(7)× 10−5
Binary model T2 ELL1 T2 T2
Orbital period, Pb (d) 6.3086296703(2) 8.68661955647(8) 175.46064(2) 147.01739778(1)
Epoch of periastron, T0 (MJD) 54523.571(5) 55662.388(9) 54258.0894(2) 53547.4385(3)
Projected semi-major axis, x (lt-s) 6.8806626(1) 11.29119760(7) 55.3297216(5) 25.0725970(2)
Longitude of periastron, ω0 (deg) 170.2(3) 175.8(4) 50.7323(4) 321.8494(7)
Eccentricity, e 9.35(4)× 10−6 1.334(7)× 10−6 7.97272(6)× 10−4 5.05749(6)× 10−4
Sine of inclination, sin i – 0.999899(3) 0.973(9) –
Companion mass, mc (M) – 0.494(2) 0.18(4) –
Derivative of Pb, P˙b 3(1)× 10−13 – – –
Derivative of x, x˙ 1.5(1)× 10−14 – 1.2(1)× 10−14 −5.1(1)× 10−14
Periastron advance ω˙0 (deg yr−1) – – −9(7)× 10−5 –
Epoch of ascending node, Tasc (MJD) – 55658.145541895(5) – –
1 = e sinω0 – 9.7(9)× 10−8 – –
2 = e cosω0 – −1.331(7)× 10−6 – –
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J1713+0747 J1721-2457 J1730-2304 J1732-5049
MJD range 48849− 57053 52076− 56737 49422− 56831 52646− 55583
Number of ToAs 17487 150 646 242
Weighted rms timing residual (µs) 0.24 12.21 1.67 2.80
Reduced χ2 0.99 0.98 0.92 0.92
Reference epoch 55000 55000 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 17:13:49.5331960(4) 17:21:05.4980(2) 17:30:21.66836(7) 17:32:47.76668(2)
Declination, DEC (J2000) +07:47:37.49256(1) −24:57:06.17(4) −23:04:31.17(2) −50:49:00.2052(4)
Proper motion in RA (mas yr−1) 4.924(1) 2(1) 20.2(3) −0.37(8)
Proper motion in DEC (mas yr−1) −3.913(2) −26(14) −1(6) −9.9(2)
Spin frequency, f (s−1) 218.8118404171579(7) 285.9893434446(4) 123.1102871473768(9) 188.233512191560(6)
f˙ (s−2) −4.08386(5)× 10−16 −4.54(5)× 10−16 −3.0587(1)× 10−16 −5.029(1)× 10−16
Parallax, pi (mas) 0.83(2) – 1.7(2) –
Dispersion measure, DM (cm−3 pc) 15.969(3) 48.3(1) 9.615(3) 56.8399(7)
˙DM (cm−3 pc yr−1) −2(3)× 10−5 −0.01(2) 0.0011(2) 9(6)× 10−4
D¨M (cm−3 pc yr−2) −3(3)× 10−6 −0.001(4) 1.0(3)× 10−4 1(2)× 10−4
Binary model T2 – – ELL1
Orbital period, Pb (d) 67.825131000(1) – – 5.2629972000(4)
Epoch of periastron, T0 (MJD) 52811.4820(2) – – 51398.79(1)
Projected semi-major axis, x (lt-s) 32.34242200(8) – – 3.9828703(3)
Longitude of periastron, ω0 (deg) 176.1987(9) – – 166(1)
Eccentricity, e 7.49402(4)× 10−5 – – 8.4(1)× 10−6
Companion mass, mc (M) 0.289(7) – – –
Derivative of Pb, P˙b 5(1)× 10−13 – – –
Epoch of ascending node, Tasc (MJD) – – – 51396.3661226(2)
1 = e sinω0 – – – 2.0(2)× 10−6
2 = e cosω0 – – – −8.2(1)× 10−6
Longitude of ascending node, Ω (deg) 92(2) – – –
Inclination angle, i (deg) 71.6(4) – – –
J1738+0333 J1741+1351 J1744−1134 J1747−4036
MJD range 54102− 56781 55041− 56595 49728− 56992 55976− 56587
Number of ToAs 2941 1588 9834 2771
Weighted rms timing residual (µs) 1.42 0.47 0.81 4.79
Reduced χ2 0.98 0.99 0.99 0.99
Reference epoch 55000 55818 55000 56281
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 17:38:53.966385(9) 17:41:31.145389(3) 17:44:29.4075540(8) 17:47:48.71664(1)
Declination, DEC (J2000) +03:33:10.8723(4) +13:51:44.13006(6) −11:34:54.69427(6) −40:36:54.7802(7)
Proper motion in RA (mas yr−1) 7.12(4) −8.96(3) 18.797(4) −0.2(8)
Proper motion in DEC (mas yr−1) 5.0(1) −7.57(4) −9.41(2) −5(1)
Spin frequency, f (s−1) 170.937369887091(8) 266.869162906907(1) 245.4261196898085(5) 607.67752932437(1)
f˙ (s−2) −7.0459(9)× 10−16 −2.15196(4)× 10−15 −5.38164(4)× 10−16 −4.856(4)× 10−15
Parallax, pi (mas) – 0.5(2) 2.44(5) 0.4(7)
Dispersion measure, DM (cm−3 pc) 33.777(1) 24.19954(4) 3.1395(2) 152.9652(7)
˙DM (cm−3 pc yr−1) −1.7(7)× 10−3 −2.9(6)× 10−4 −5(1)× 10−5 −5.8(4)× 10−3
D¨M (cm−3 pc yr−2) 2(1)× 10−4 4(3)× 10−5 1.0(3)× 10−5 0(3)× 10−3
Binary model T2 ELL1 – –
Orbital period, Pb (d) 0.35479073985(1) 16.3353480804(7) – –
Epoch of periastron, T0 (MJD) 55441.84(1) 55828.511(5) – –
Projected semi-major axis, x (lt-s) 0.34343014(9) 11.0033167(2) – –
Longitude of periastron, ω0 (deg) 74(14) 204.0(1) – –
Eccentricity, e 1.8(4)× 10−6 1.000(1)× 10−5 – –
Companion mass, mc (M) – 0.15(1) – –
Derivative of x, x˙ – −7(2)× 10−15 – –
Epoch of ascending node, Tasc (MJD) 55441.76403507(4) 55819.25488144(3) – –
1 = e sinω0 1.8(4)× 10−6 −4.06(2)× 10−6 – –
2 = e cosω0 5(5)× 10−7 −9.13(1)× 10−6 – –
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J1751−2857 J1801−1417 J1802−2124 J1804−2717
MJD range 53746− 56782 54206− 56782 54187− 56832 53766− 56828
Number of ToAs 144 126 522 116
Weighted rms timing residual (µs) 3.12 2.76 2.76 3.72
Reduced χ2 0.92 0.90 1.02 0.98
Reference epoch 55000 55000 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 17:51:32.69320(2) 18:01:51.07335(2) 18:02:05.33524(2) 18:04:21.13311(2)
Declination, DEC (J2000) −28:57:46.521(3) −14:17:34.527(2) −21:24:03.654(8) −27:17:31.335(4)
Proper motion in RA (mas yr−1) −7.4(1) −10.9(1) −1.1(1) 2.6(2)
Proper motion in DEC (mas yr−1) −4(1) −3.1(9) −4(4) −18(2)
Spin frequency, f (s−1) 255.4361108856(2) 275.8547089970(1) 79.066422943038(9) 107.03164921949(4)
f˙ (s−2) −7.31(2)× 10−16 −4.03(2)× 10−16 −4.558(2)× 10−16 −4.680(5)× 10−16
Parallax, pi (mas) – – 1.2(7) –
Dispersion measure, DM (cm−3 pc) 42.85(3) 57.25(3) 149.614(9) 24.73(3)
˙DM (cm−3 pc yr−1) −0.01(1) 0.004(6) −1(2)× 10−3 −0.006(6)
D¨M (cm−3 pc yr−2) 0.001(2) 0.001(2) 6(6)× 10−4 0.000(1)
Binary model T2 – T2 T2
Orbital period, Pb (d) 110.74646081(4) – 0.698889254217(8) 11.128711966(3)
Epoch of periastron, T0 (MJD) 55260.235(3) – 55509.53(1) 55290.721(9)
Projected semi-major axis, x (lt-s) 32.5282325(4) – 3.718855(2) 7.2814525(7)
Longitude of periastron, ω0 (deg) 45.51(1) – 31(6) 158.6(3)
Eccentricity, e 1.2795(3)× 10−4 – 3.1(2)× 10−6 3.41(2)× 10−5
Sine of inclination, sin i – – 0.979(9) –
Companion mass, mc (M) – – 0.7(2) –
Derivative of x, x˙ 4.5(7)× 10−14 – – –
Epoch of ascending node, Tasc (MJD) – – 55509.46452585(1) –
1 = e sinω0 – – 1.6(4)× 10−6 –
2 = e cosω0 – – 2.6(2)× 10−6 –
J1824−2452A J1832−0836 J1843−1113 J1853+1303
MJD range 53518− 55583 56353− 56587 53156− 56829 53762− 56831
Number of ToAs 276 1131 224 1470
Weighted rms timing residual (µs) 1.83 1.94 0.97 1.31
Reduced χ2 0.95 1.00 0.95 1.00
Reference epoch 55000 56475 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 18:24:32.00790(3) 18:32:27.5936(2) 18:43:41.26193(1) 18:53:57.318794(4)
Declination, DEC (J2000) −24:52:10.848(8) −08:36:55.00(4) −11:13:31.0688(7) +13:03:44.06902(9)
Proper motion in RA (mas yr−1) −0.2(2) – −1.91(6) −1.63(2)
Proper motion in DEC (mas yr−1) −6(4) – −3.2(2) −2.96(4)
Spin frequency, f (s−1) 327.40558298353(1) 367.7671154916(2) 541.8097450362(2) 244.391374031064(6)
f˙ (s−2) −1.735305(2)× 10−13 −1.1(2)× 10−15 −2.803(2)× 10−15 −5.2065(7)× 10−16
Parallax, pi (mas) – 1(5) 0.6(4) 0.2(3)
Dispersion measure, DM (cm−3 pc) 119.8907(7) 28.1910(1) 59.964(8) 30.5694(6)
˙DM (cm−3 pc yr−1) 0.001(2) 0.0013(2) 0.001(4) 6(4)× 10−4
D¨M (cm−3 pc yr−2) −0.0002(5) 0.010(1) 0.0011(10) −1.4(7)× 10−4
Binary model – – – T2
Orbital period, Pb (d) – – – 115.653788229(7)
Epoch of periastron, T0 (MJD) – – – 55203.339(4)
Projected semi-major axis, x (lt-s) – – – 40.7695221(1)
Longitude of periastron, ω0 (deg) – – – 346.67(1)
Eccentricity, e – – – 2.3697(5)× 10−5
Derivative of x, x˙ – – – 1.4(2)× 10−14
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J1857+0943 J1903+0327 J1909−3744 J1910+1256
MJD range 46401− 56782 55135− 56593 53040− 56993 53370− 56829
Number of ToAs 5004 1802 11483 2743
Weighted rms timing residual (µs) 1.25 2.85 0.20 1.42
Reduced χ2 0.99 0.98 1.00 1.01
Reference epoch 55000 55712 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 18:57:36.390622(3) 19:03:05.79288(2) 19:09:47.4335840(4) 19:10:09.701469(6)
Declination, DEC (J2000) +09:43:17.20712(7) +03:27:19.195(1) −37:44:14.51573(2) +12:56:25.4867(1)
Proper motion in RA (mas yr−1) −2.652(4) −2.8(3) −9.513(2) 0.21(3)
Proper motion in DEC (mas yr−1) −5.423(6) −6.6(8) −35.777(6) −7.04(5)
Spin frequency, f (s−1) 186.4940783779782(8) 465.13523808900(2) 339.3156872184837(1) 200.658802230121(2)
f˙ (s−2) −6.20446(6)× 10−16 −4.070(1)× 10−15 −1.614819(4)× 10−15 −3.8975(2)× 10−16
Parallax, pi (mas) 0.9(1) 0.3(7) 0.88(1) 0.1(3)
Dispersion measure, DM (cm−3 pc) 13.311(3) 297.552(6) 10.39217(4) 38.065(1)
˙DM (cm−3 pc yr−1) 2(1)× 10−4 0.000(2) −0.00027(1) 7(2)× 10−4
D¨M (cm−3 pc yr−2) 3.2(9)× 10−5 −0.003(2) 0.000012(5) 0(1)× 10−4
Binary model T2 T2 T2 T2
Orbital period, Pb (d) 12.32717138213(4) 95.17411881(4) 1.533449475278(1) 58.466742968(3)
Epoch of periastron, T0 (MJD) 53619.522(1) 55776.9745388(2) 55016.13(2) 55073.2517(4)
Projected semi-major axis, x (lt-s) 9.2307805(1) 105.593464(2) 1.89799110(2) 21.1291023(1)
Longitude of periastron, ω0 (deg) 276.47(3) 141.6536044(9) 165(6) 106.009(2)
Eccentricity, e 2.167(2)× 10−5 0.43667841(1) 1.04(6)× 10−7 2.30233(10)× 10−4
Sine of inclination, sin i 0.9993(1) 0.97(1) 0.99807(6) –
Companion mass, mc (M) 0.245(7) 1.1(1) 0.209(1) –
Derivative of Pb, P˙b – – 5.05(3)× 10−13 –
Derivative of x, x˙ −4(2)× 10−16 – −3.9(7)× 10−16 −1.7(1)× 10−14
Periastron advance ω˙0 (deg yr−1) – 2.404(7)× 10−4 – –
Epoch of ascending node, Tasc (MJD) – – 55015.4280907538(10) –
1 = e sinω0 – – 3(1)× 10−8 –
2 = e cosω0 – – −1.01(6)× 10−7 –
J1911−1114 J1911+1347 J1918−0642 J1923+2515
MJD range 53815− 57028 54096− 56827 52094− 56770 55790− 56595
Number of ToAs 130 140 9942 920
Weighted rms timing residual (µs) 4.82 1.09 1.81 2.25
Reduced χ2 0.97 0.95 1.00 0.99
Reference epoch 55000 55000 55000 56100
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 19:11:49.28235(3) 19:11:55.204700(5) 19:18:48.033136(3) 19:23:22.493361(8)
Declination, DEC (J2000) −11:14:22.482(2) +13:47:34.3839(1) −06:42:34.8895(1) +25:15:40.6165(2)
Proper motion in RA (mas yr−1) −13.7(2) −2.90(3) −7.15(2) −6.69(10)
Proper motion in DEC (mas yr−1) −9.3(9) −3.76(5) −5.94(5) −14.7(2)
Spin frequency, f (s−1) 275.8053380432(3) 216.17122737198(2) 130.7895141233725(2) 263.980710176120(6)
f˙ (s−2) −1.060(3)× 10−15 −7.908(3)× 10−16 −4.39472(5)× 10−16 −6.663(4)× 10−16
Parallax, pi (mas) – – 0.8(1) −0.3(6)
Dispersion measure, DM (cm−3 pc) 31.0(1) 30.987(6) 26.578(5) 18.8553(3)
˙DM (cm−3 pc yr−1) −0.03(2) 0(2)× 10−3 −1.9(6)× 10−4 −3(4)× 10−5
D¨M (cm−3 pc yr−2) 0.004(3) 1(4)× 10−4 1(2)× 10−5 −1(4)× 10−5
Binary model T2 – DDH –
Orbital period, Pb (d) 2.7165576620(7) – 10.9131777492(1) –
Epoch of periastron, T0 (MJD) 55422.4(3) – 54424.111(1) –
Projected semi-major axis, x (lt-s) 1.7628746(9) – 8.3504663(2) –
Longitude of periastron, ω0 (deg) 125(38) – 219.51(4) –
Eccentricity, e 1.4(10)× 10−6 – 2.035(1)× 10−5 –
Third harmonic of Shapiro, h3 (s) – – 8.8(2)× 10−7 –
Ratio of harmonics amplitude, ζ – – 0.910(7) –
Epoch of ascending node, Tasc (MJD) 55421.4791904(2) – – –
1 = e sinω0 1(1)× 10−6 – – –
2 = e cosω0 −8(9)× 10−7 – – –
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J1939+2134 J1944+0907 J1949+3106 J1955+2908
MJD range 46024− 56779 54505− 56593 56138− 56595 53812− 56782
Number of ToAs 13659 1696 1409 1459
Weighted rms timing residual (µs) 50.63 2.23 4.61 3.62
Reduced χ2 0.94 0.99 1.00 1.00
Reference epoch 55000 55000 56367 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 19:39:38.561249(2) 19:44:09.32685(2) 19:49:29.6373(2) 19:55:27.87578(1)
Declination, DEC (J2000) +21:34:59.12551(3) +09:07:23.1091(6) +31:06:03.802(2) +29:08:43.4593(2)
Proper motion in RA (mas yr−1) 0.074(2) 14.14(8) −5(5) −1.03(6)
Proper motion in DEC (mas yr−1) −0.410(3) −22.6(2) −5(7) −4.17(8)
Spin frequency, f (s−1) 641.92822458217(2) 192.856517920199(3) 76.11402373420(1) 163.04791050691(2)
f˙ (s−2) −4.331255(7) −6.4488(3)× 10−16 −5.44(8)× 10−16 −7.908(2)× 10−16
Parallax, pi (mas) 0.19(5) 0.1(3) −1(3) −1(1)
Dispersion measure, DM (cm−3 pc) 71.11(2) 24.3514(7) 164.1263(7) 104.516(3)
˙DM (cm−3 pc yr−1) −2(3)× 10−4 1.7(8)× 10−3 5(8)× 10−4 3(2)× 10−3
D¨M (cm−3 pc yr−2) 2(2)× 10−5 0(3)× 10−4 −3(4)× 10−3 −6(4)×−4
Binary model – – ELL1 T2
Orbital period, Pb (d) – – 1.9495344460(4) 117.34909911(2)
Epoch of periastron, T0 (MJD) – – 56367.098(1) 55265.7080(7)
Projected semi-major axis, x (lt-s) – – 7.288653(2) 31.4126920(3)
Longitude of periastron, ω0 (deg) – – 207.5(2) 29.479(2)
Eccentricity, e – – 4.30(1)× 10−5 3.3022(2)× 10−4
Sine of inclination, sin i – – 0.990(5) –
Companion mass, mc (M) – – 0.6(1) –
Derivative of x, x˙ – – – 1.4(3)× 10−14
Epoch of ascending node, Tasc (MJD) – – 56365.97400000(2) –
1 = e sinω0 – – −1.99(2)× 10−5 –
2 = e cosω0 – – −3.815(9)× 10−5 –
J2010−1323 J2017+0603 J2019+2425 J2033+1734
MJD range 54089− 56786 55989− 56600 53451− 56788 53898− 56789
Number of ToAs 8057 1565 130 194
Weighted rms timing residual (µs) 2.55 0.73 9.64 13.65
Reduced χ2 1.00 0.99 0.97 0.94
Reference epoch 55000 56200 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 20:10:45.92065(1) 20:17:22.70505(1) 20:19:31.94085(7) 20:33:27.51419(6)
Declination, DEC (J2000) −13:23:56.0664(6) +06:03:05.5688(3) +24:25:15.013(2) +17:34:58.525(2)
Proper motion in RA (mas yr−1) 2.56(6) 2.4(4) −8.8(5) −5.9(4)
Proper motion in DEC (mas yr−1) −5.9(2) −0.5(6) −19.9(7) −9.0(8)
Spin frequency, f (s−1) 191.450909092640(4) 345.27813115158(1) 254.1603414551(5) 168.0966754307(2)
f˙ (s−2) −1.7686(5)× 10−16 −9.53(1)× 10−16 −4.49(4)× 10−16 −3.13(2)× 10−16
Parallax, pi (mas) 0.2(1) 0.5(2) – –
Dispersion measure, DM (cm−3 pc) 22.1599(3) 23.9232(1) 17.2(1) 25.0(1)
˙DM (cm−3 pc yr−1) 6(3)× 10−4 −5(5)× 10−4 −0.04(3) −0.03(2)
D¨M (cm−3 pc yr−2) −5(5)× 10−5 8(7)× 10−4 0.004(4) 0.002(3)
Binary model – ELL1 T2 T2
Orbital period, Pb (d) – 2.1984811706(2) 76.51163605(8) 56.30779617(6)
Epoch of periastron, T0 (MJD) – 56294.07(1) 55104.42(1) 55339.98(1)
Projected semi-major axis, x (lt-s) – 2.1929203(9) 38.767653(2) 20.163116(2)
Longitude of periastron, ω0 (deg) – 178(2) 159.06(5) 78.10(7)
Eccentricity, e – 7.00(6)× 10−6 1.1114(10)× 10−4 1.286(1)× 10−4
Sine of inclination, sin i – 0.92(4) – –
Companion mass, mc (M) – 0.22(10) – –
Epoch of ascending node, Tasc (MJD) – 56292.97900647(1) – –
1 = e sinω0 – 2(2)× 10−7 – –
2 = e cosω0 – −7.00(6)× 10−6 – –
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J2043+1711 J2124−3358 J2129−5721 J2145−0750
MJD range 55757− 56593 49489− 56796 49987− 55618 49001− 56762
Number of ToAs 1382 1182 373 8456
Weighted rms timing residual (µs) 0.63 3.00 1.03 6.08
Reduced χ2 0.99 0.97 1.04 1.00
Reference epoch 56175 55000 55000 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 20:43:20.882167(2) 21:24:43.84783(1) 21:29:22.768535(8) 21:45:50.460606(7)
Declination, DEC (J2000) +17:11:28.92444(5) −33:58:44.9190(3) −57:21:14.22517(9) −07:50:18.4877(3)
Proper motion in RA (mas yr−1) −5.76(6) −14.09(3) 9.25(2) −9.58(3)
Proper motion in DEC (mas yr−1) −10.8(1) −50.23(7) −9.61(3) −8.87(7)
Spin frequency, f (s−1) 420.189436753417(2) 202.793893746028(2) 268.359227293859(3) 62.295887837384(1)
f˙ (s−2) −9.257(1)× 10−16 −8.4596(2)× 10−16 −1.50176(3)× 10−15 −1.15635(9)× 10−16
Parallax, pi (mas) 0.9(1) 2.6(3) – 1.54(10)
Dispersion measure, DM (cm−3 pc) 20.71185(6) 4.598(3) 31.850(3) 9.0018(6)
˙DM (cm−3 pc yr−1) −9.2(10)× 10−5 1(1)× 10−4 −4(6)× 10−5 1.4(6)× 10−4
D¨M (cm−3 pc yr−2) 0(1)× 10−5 0(3)× 10−5 2(2)× 10−5 1.1(8)× 10−5
Binary model ELL1 – T2 T2
Orbital period, Pb (d) 1.4822908095(1) – 6.6254930961(3) 6.83890261543(3)
Epoch of periastron, T0 (MJD) 56175.290(4) – 54626.952(6) 53562.1912(5)
Projected semi-major axis, x (lt-s) 1.6239583(2) – 3.5005668(1) 10.16410802(8)
Longitude of periastron, ω0 (deg) 238.9(9) – 196.8(3) 200.83(3)
Eccentricity, e 4.87(10)× 10−6 – 1.217(6)× 10−5 1.9318(10)× 10−5
Sine of inclination, sin i 0.992(2) – – –
Companion mass, mc (M) 0.18(1) – – –
Derivative of Pb, P˙b – – 1.1(3)× 10−12 1.3(3)× 10−13
Derivative of x, x˙ – – – 7.5(5)× 10−15
Epoch of ascending node, Tasc (MJD) 56174.306442752(9) – – 53558.375983405(9)
1 = e sinω0 −4.2(1)× 10−6 – – −6.871(9)× 10−6
2 = e cosω0 −2.51(6)× 10−6 – – −1.8055(10)× 10−5
J2214+3000 J2229+2643 J2302+4442 J2317+1439
MJD range 55843− 56600 53790− 56796 55971− 56587 50458− 56795
Number of ToAs 2514 316 3037 3175
Weighted rms timing residual (µs) 1.67 4.28 13.70 0.88
Reduced χ2 1.00 0.99 1.00 0.99
Reference epoch 56222 55000 56279 55000
Units TCB TCB TCB TCB
Right ascension, RA (J2000) 22:14:38.850999(5) 22:29:50.88544(2) 23:02:46.9786(3) 23:17:09.236650(6)
Declination, DEC (J2000) +30:00:38.19752(6) +26:43:57.6809(3) +44:42:22.097(3) +14:39:31.2558(2)
Proper motion in RA (mas yr−1) 20.7(1) −1.7(1) −5(4) −1.33(3)
Proper motion in DEC (mas yr−1) −1.6(2) −5.9(1) −7(5) 3.51(5)
Spin frequency, f (s−1) 320.592287444895(5) 335.81620819686(1) 192.59196069134(6) 290.2546036648703(6)
f˙ (s−2) −1.5147(6)× 10−15 −1.716(4)× 10−16 −5.2(1)× 10−16 −2.0471(1)× 10−16
Parallax, pi (mas) 1.1(2) – 1(1) 0.1(1)
Dispersion measure, DM (cm−3 pc) 22.5521(6) 22.71(2) 13.7280(3) 21.8996(3)
˙DM (cm−3 pc yr−1) 0.0003(2) 9(5)× 10−4 −3(2)× 10−4 −5.4(7)× 10−4
D¨M (cm−3 pc yr−2) −0.0012(4) 2(3)× 10−4 −2(3)× 10−4 3(2)× 10−5
Binary model ELL1 T2 T2 T2
Orbital period, Pb (d) 0.4166329521(3) 93.01589388(4) 125.93529877(8) 2.45933150334(2)
Epoch of periastron, T0 (MJD) 56221.81(9) 55279.710(3) 56302.6617(8) 53627.02(5)
Projected semi-major axis, x (lt-s) 0.05908116(10) 18.9125229(4) 51.429966(2) 2.3139484(2)
Longitude of periastron, ω0 (deg) 227(78) 14.34(1) −152.103(2) 86(7)
Eccentricity, e 3(4)× 10−6 2.5523(4)× 10−4 5.0303(1)× 10−4 4.1(6)× 10−7
Sine of inclination, sin i – – 0.98(1) –
Companion mass, mc (M) – – 0.4(1) –
Derivative of x, x˙ – – – 1.8(7)× 10−15
Epoch of ascending node, Tasc (MJD) 56221.5468080(2) – – 53626.43654694(2)
1 = e sinω0 −2(5)× 10−6 – – 4.1(6)× 10−7
2 = e cosω0 −2(3)× 10−6 – – 3(5)× 10−8
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Table A1 – continued
J2322+2057
MJD range 53905− 56789
Number of ToAs 229




Right ascension, RA (J2000) 23:22:22.33519(7)
Declination, DEC (J2000) +20:57:02.677(1)
Proper motion in RA (mas yr−1) −18.5(3)
Proper motion in DEC (mas yr−1) −15.3(5)
Spin frequency, f (s−1) 207.96816335834(7)
f˙ (s−2) −4.181(9)× 10−16
Dispersion measure, DM (cm−3 pc) 13.35(3)
˙DM (cm−3 pc yr−1) −0.001(5)
D¨M (cm−3 pc yr−2) −0.001(1)
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